We report on the scanning tunneling microscopy/spectroscopy (STM/STS) study of cobalt phthalocyanine (CoPc) molecules deposited onto a back-gated graphene device. We observe a clear gate voltage (V g ) dependence of the energy position of the features originating from the molecular states. Based on the analysis of the energy shifts of the molecular features upon tuning V g , we are able to determine the nature of the electronic states that lead to a gapped differential conductance. Our measurements show that capacitive couplings of comparable strengths exist between the CoPc molecule and the STM tip as well as between CoPc and graphene, thus facilitating electronic transport involving only unoccupied molecular states for both tunneling bias polarities. These findings provide novel information on the interaction between graphene and organic molecules and are of importance for further studies, which envisage the realization of single molecule transistors with non-metallic electrodes.
Introduction
The perspective to exploit functional molecules in electronic or spintronic devices has generated considerable research activities focused on the investigation of electronic transport phenomena at the scale of single molecules. [1] [2] [3] [4] Charge transport at single molecule scale is usually studied by using metalmolecule-metal junctions, with the electromigration 5 and the break junction 6, 7 techniques being the most popular ones. An important feature of these methods is the possibility of realizing a three-terminal device geometry in order to tune the molecular states that are relevant for the charge transport by using a back-gate electrode. [8] [9] [10] [11] [12] However, in order to gain a profound control of the junction geometry in the molecular level transport experiments, the implementation of techniques is desirable, which are capable of atomic resolution, such as scanning tunneling microscopy (STM). Indeed, the possibility of incorporating a gate electrode within the STM geometry can favorably complement its high lateral resolution, giving an additional possibility of tuning the electronic and magnetic properties of nanoobjects accessible by STM. [13] [14] [15] [16] [17] [18] [19] Recently, a number of experiments have been reported showing that the electronic properties of atoms 20, 21 or molecules, 22 adsorbed onto graphene gated devices, can be tuned via application of a back-gate voltage V g , as observed by scanning tunneling spectroscopy (STS). Here, we report on the impact of the gate voltage on the electronic levels of a single cobalt phthalocyanine (CoPc) molecule deposited on back-gated graphene/SiO 2 /Si [see Fig. 1(a) ]. The molecular features observed in differential conductance measurements show a rich and complex behavior under the application of a gate voltage. We analyze the energy shifts of the main features in a broad range of applied bias and gate voltages in order to determine the nature of the electronic states that lead to a gapped differential conductance in the STS spectra. We show that the observed behavior can be well explained assuming electronic transport involving only unoccupied molecular states.
Methods

Experimental setup
The experiments were carried out in an ultra-high vacuum (UHV) system ( p = 4 × 10 annealed tungsten tips were used for the STM measurements. The sign of the bias voltage V b corresponds to the potential applied to the sample. dI/dV b spectra and maps were recorded by means of a standard lock-in technique with a modulation voltage of 20-30 mV (root-mean-square, rms) and a modulation frequency of 667.14 Hz. The gate voltage V g was applied using a Keithley electrometer 6517A, measuring the gate current continuously within all experiments to rule out any leakage (<100 pA) or break down of the oxide layer.
Sample preparation
Monolayer graphene was prepared by low pressure chemical vapor deposition on a 25 μm thick copper (Cu) foil in a split quartz tube furnace. The transfer of graphene from the Cu foil onto a SiO 2 /Si substrate was performed by spin-coating of a 400 nm thick polymethylmethacrylate (PMMA) layer over graphene and by the subsequent etching of the Cu film in an ammonium persulfate solution. After deposition of the graphene/PMMA samples on the SiO 2 /Si substrates, yielding PMMA/graphene/SiO 2 /Si stacks, PMMA was removed using acetone and a hydrogen annealing cycle at 700 K. Graphene was electrically brought into contact by direct evaporation with gold (100 nm thick)/chromium (10 nm thick) electrodes through a shadow mask. Prior to the deposition of CoPc molecules, the samples were outgassed in the UHV at 700 K. 
Theoretical modelling
Results and discussion
Prior to the deposition of CoPc molecules we investigate the surface quality of the graphene/SiO 2 /Si device, whose geometry is depicted in Fig. 1(a) . A topographic STM image of the pristine graphene is presented in Fig. 1 The appearance of the CoPc molecules depends strongly on the bias voltage (V b ) as shown in Fig. 2(a-d) . The characteristic cross-like shape with the intensity spread over the center and four lobes is usually imaged at negative bias voltages . The observed satellites may arise from the contribution of excited states to the electronic transport 8 or from vibronic transitions. 27 The latter may become visible due to a weak coupling of CoPc molecules to the graphene substrate. for each molecule. This observation suggests a variation of the interaction strength between graphene and CoPc molecules, which is mediated by the Co orbitals. 28 Except for P1 features described above, only relatively flat signals in the range between −1.0 and −2.0 V (region P2) are observed. These features will be further discussed in conjunction with the gatedependent measurements. For the STS spectra taken at the lobes of CoPc molecules, pronounced peaks are only present in the negative bias voltage range −1. Fig. 2(f ) ]. The topographic STM image taken at V b = −0.9 V [ Fig. 2(a) ] shows the characteristic cross-like shape of the molecule. The dI/dV b map, recorded concomitantly to the topographic image, reveals a diffuse contribution originating from the lobes [ Fig. 2(b) ]. In accordance with the spectra presented in Fig. 2(f ) , no pronounced contribution from the Co d z 2 state is observed. Additionally, a slope starting at about +1.5 V [region P4 in Fig. 2(f ) ] appears. This contribution is further revealed in the dI/dV b map at +2 V [ Fig. 2(d) ], where only the outer ligands of the molecules are visible. Scanning was continued between the acquisition of the different spectra to rule out spatial drift effects, i.e. the feedback was closed in between. Upon the application of a gate voltage V g the features observed in the dI/dV b spectra at V g = 0 shift in energy, whereas the shift direction and the shift velocity (slopes in the V g /V b diagram) are different for different features [ Fig. 3(e) and (f ) ]. Upon increasing V g the peaks at V b < 0 (P2 and P3) shift upwards in energy, whereas the features at V b > 0 (P1 and P4) shift in the opposite direction, i.e. downwards in energy. Thus the features observed in the positive and negative V b ranges cannot be simply attributed to different states, e.g. the HOMO and LUMO, because those would move in the same direction upon variation of the gate voltage. The change in the amplitude of the spectroscopic features can be explained in terms of variation of the tip-sample distance upon application of the gate voltage resulting from a varying number of molecular states contributing to the tunneling process. Because of the exponential dependence of the tunneling current on the distance, this is expected to have a negligible effect on the capacitive coupling discussed later.
In the following, we suggest that the tunneling transport involves mainly the unoccupied molecular states, where P1 and P2 are assigned to the LUMO, and P3 and P4 to the LUMO+1. Indeed, features shifting in opposite directions depending on the bias polarities are characteristic for single molecule transistors as well as the contribution to charge transport of a single molecular level for both bias polarities (bipolar transport). Such a behavior has already been observed for molecules deposited on a decoupling layer studied by STM 29, 30 and can be understood in terms of the variation of the electric potential in the tunneling junction, when the bias voltage is varied, with the capacitive coupling between the tip and molecule not being small compared to that between the molecule and sample.
To clarify this, we first consider the situation, when the electronic coupling between the STM tip and the cobaltphthalocyanine (CoPc) molecule is weak compared with that between graphene and CoPc. Two peaks appear in the differential conductance resulting from the transport through the HOMO and LUMO states at different bias voltages [see Fig. 4  (a-d)] . If the gate potential is increased (V g > 0), the HOMO and LUMO states are lowered in energy as indicated by the red arrows. In the STS spectrum both peaks should shift in the same direction (as indicated by the red arrows) for both V b polarities. However, this transport regime is obviously not compatible with our experimental observations.
Instead we consider a different type of transport regime, which can be realized in the case, when the tip is closer to the molecule, and the molecule's electronic coupling to the tip is comparable to its coupling to graphene. In this case, the local gating produced by the tip leads to the shift of a molecular state (occupied or unoccupied) upwards or downwards with respect to E F depending on the bias polarity. As a consequence this state can solely contribute to transport for both bias polarities leading to the corresponding peaks in the dI/dV b spectra. This situation is depicted in Fig. 4 (e-h) for a LUMO state. As can be inferred from the red arrows, an increase of V g makes the LUMO state shift closer to the E F in energy and thus reduces the V b needed to make it contribute to transport. Consequently the apparent gap in the differential conductance decreases. In the simulated STS spectrum both peaks stemming from the LUMO move closer together. The opposite behavior would occur for a HOMO state: an increase of the gate potential leads to the increase of V b at which a peak is observed in the dI/dV b spectra, with the two peaks moving further apart, as can be seen in Fig. 3 . Consequently, features related to the LUMO-mediated transport at negative bias move upwards in energy with increasing V g , as observed in Fig. 3 for the features P2 and P3. This behavior must be due to the fact that the capacitive couplings between the STM tip and the CoPc molecule as well as between graphene and the CoPc molecule are comparable in strength. Thus, we assign the series of peaks P1 and P2 to the LUMO states, since those are obtained at the center of the CoPc molecule, and the series of peaks P3 and P4 to the LUMO+1 states, since those are recorded at the lobes. Because the tip is in a very close vicinity to the substrate, a gating of the graphene layer is expected upon application of a potential to the tip. The larger the bias voltage needed to make a molecular state contribute to transport, the larger is the doping induced by the tip in the graphene layer, and the lower is the influence of the gate voltage. To better understand the experimental observations, we have used two theoretical models, sketched in Fig. 5 . They both consider the transport and electrostatic coupling between the molecule as well as source (s), drain (d) and gate (g) electrodes. As we will discuss now, they describe the system at different levels of sophistication, and both confirm that the gapped conductance observed in the experiment can be interpreted in terms of LUMO-mediated transport.
The first model (model 1) is based on the standard description of the Coulomb blockade in the constant interaction model, 4, 31 with the molecule representing a quantum dot which is coupled capacitively to the source (s), drain (d), and gate (g) electrodes via C s , C d and C g , respectively. As shown in Fig. 5 , tunneling is allowed between the source electrode and the quantum dot (the STM tip and the molecule) as well as between the quantum dot and the drain electrode (the molecule and the graphene). While the drain is grounded, the source is connected to a power supply with a voltage V b . Another power supply is used to adjust the electrochemical potential of the gate (the Si underneath the graphene/SiO 2 layer) through the gate voltage V g , which enables the external control of the energy shift of the molecular orbitals. An enhanced current, induced by V b , flows through the molecule, if molecular orbitals enter the energy window, where electrochemical potentials of the source and drain differ. The alignment with the source's electrochemical potential leads to the
, and the alignment with that of the drain leads to
) and e = |e| is the absolute value of the elementary charge. The energy E n is the single-particle energy of the n-th electron in the molecule, measured relative to the equilibrium electrochemical potential of the source and drain electrodes. In a V b − V g plot, the two relations define the areas of conducting behavior, 4,31 as shown in Fig. 5(a) . Their intersection at V b = 0 gives the gate voltage V g = V c , where a molecular energy level aligns with the equilibrium electrochemical potential of the electrodes. This simple constant interaction model qualitatively describes the measured data of our single-molecule transistor shown in Fig. 5(a) . However, it fails to explain the observed decrease of dV g /dV b with the increase in the peak position at V g = 0, if dV g /dV b < 0, i.e. when both the tip and molecule are negatively charged and the gating of the graphene layer is thus maximized.
To eliminate this deficiency, we include the charging energy of the graphene layer in our second model [ Fig. 5(c) ]. This model (model 2) is based on the minimization of the total Gibbs free energy of the system. 20 From the electric field distribution in the transistor geometry, the alignment of the molecular orbitals is determined and the related charge transport properties are derived in a noninteracting single-particle picture, following the Landauer-Büttiker scattering theory. 4 The details of the calculation are given in ESI S1. † Fig. 6 shows a comparison between dI(V b , V g )/dV b for models 1 and 2. E n and ε m were chosen to describe the HOMO or LUMO states, and the two separate cases are displayed in each panel. Both models show a similar behavior. For the LUMO states, the peaks in the differential conductance dI/dV b move towards the lower absolute values of V b , if V g is increased. The opposite is true for the HOMO states. But while dV g /dV b is constant in model 1, the charging of the graphene causes a bending of one of the two differential conductance features in model 2. Precisely, these are the peaks at negative dV g /dV b , which result from the alignment of the molecular level with the electrochemical potential of graphene.
The second model shows a constant slope at dV g /dV b > 0, but a variable slope at dV g /dV b < 0. In the latter case, the maximum of the slope is located at 0.1 V, which results from the difference in the work functions of the tip (Φ s = 4.5 eV) and graphene (Φ d = 4.6 eV). On both sides of the maximum, dV g /dV b decreases symmetrically with an increase in the deviations in the peak position. We attribute this to the charge accumulation in the graphene layer induced by the potential applied to the tip, that effectively screens the potential applied to the gate.
Conclusions
We have demonstrated that a graphene layer on a SiO 2 /Si substrate can be used to effectively gate the molecular orbitals of CoPc molecules deposited on top of graphene. A careful analysis of the gate voltage induced energy shifts of the molecular features implies that CoPc molecules are electronically decoupled from the graphene substrate. This leads to a situation where coupling of a CoPc molecule to the STM tip is comparable to its coupling to graphene, thus facilitating electronic transport involving only unoccupied molecular states for both tunneling bias polarities. Our experiments provide novel information on the interaction between graphene and organic molecules and are of importance for further studies, which envisage the realization of single molecule transistors with graphene electrodes.
Author contributions
RM, CN, and WF fabricated the graphene samples. SB, AG, and CE performed the STM experiments. PE and LG helped in STM characterization. MS and DW performed the theoretical calculations. CS supervised the sample preparation. FB supervised the theoretical calculations. RM, CS, and FB helped in interpreting the STS data. SB and MF conceived and designed the whole study and drafted the manuscript. All authors critically read and approved the manuscript.
Conflicts of interest
There are no conflicts to declare. The latter have no influence on the movement of ε(V b V g ).
